The genome is three-dimensionally organized in the cell, and the mammalian genome DNA is partitioned into submegabase-sized chromatin domains. Genome functions are regulated within and across the domains according to their organization, whereas the chromatin itself is highly dynamic.
Introduction
The genome is not only one-dimensional information of DNA sequences, but is further three-dimensionally organized into chromatin in the cell, with effective regulation of various genome functions. Recent developments in microscopy imaging and genomic analysis have revealed detailed information on the spatial chromatin organization. With respect to local chromatin organization, it has been suggested that the nucleosomes, consisting of DNA wrapped around core histones, are irregularly folded without the regular chromatin fibers (1) (2) (3) (4) (5) . Electron and super-resolution fluorescence microscopy studies have revealed the existence of even larger chromatin organizations, including chromatin domains (6) or chromonema fibers (7) . Recently, chromosome conformation capture (3C) derivative methods have demonstrated that the mammalian genome DNA is partitioned into submegabase-sized chromatin domains, including topologically associating domains (TADs) (8, 9) , and contact and loop domains (10) . In addition, computational modeling methods have been developed to reconstruct the three-dimensional (3D) architecture of the genome (11, 12) .
Meanwhile, chromatin itself is highly dynamic in living cells (13) (14) (15) (16) (17) (18) (19) (20) . In particular, single-nucleosome imaging in living mammalian cells has revealed random nucleosome fluctuations driven by the thermal random force (21) (22) (23) (24) . However, it is still unclear how the chromatin domains are dynamically organized in living cells whose environment is thermally noisy. Here, we highlight the implication of our study aiming to bridge the gap between the dynamics and organization of 5 chromatin domains in living cells through mathematical modeling (24) , and provide physical insight into a chromatin domain as a regulatory and structural unit.
Physical information extracted from molecular movement
Molecules are dynamic and diffusive in living cells. Microscopic imaging technologies such as fluorescence recovery after photobleaching (FRAP), fluorescence correlation spectroscopy (FCS), and single-particle tracking (SPT) have facilitated measurements and visualization of the dynamic properties of molecules in living cells, e.g. (25) . In these methods, the diffusion coefficient is quantified as a measure of the mobility of the molecules. The physical dimension of corresponds to (length) 2 /(time), representing the area of a molecule diffusing per unit time. In the SPT method, under the condition of normal diffusion, the mean-squared displacement (MSD) is proportional to both and time ( Fig. 1 ). 
Can we extract physical information from chromatin dynamics?
Live-cell imaging experiments for certain chromosomal loci and nucleosomes have revealed that chromatin is highly dynamic in the interphase (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . To quantify these dynamics, MSD analysis is often used through SPT. Interestingly, unlike the case of normal diffusion that is proportional to time, the MSD results of chromatin show much slower diffusion with nonlinear scaling called subdiffusion:
where sub is the coefficient of subdiffusion with the physical dimension (length) 2 /(time) , and is the scaling exponent ( Fig. 1 ). The subdiffusive movement of chromatin has been observed generally, regardless of species and cell types (15) (16) (17) (19) (20) (21) (22) (23) (24) , suggesting that there must be a common principle generating the subdiffusion. The thermal noise that drives random fluctuations of chromatin in living cells is a mechanism common to the diffusion of molecules. Unlike small molecules in the nucleus, the nucleosome fiber in chromatin is a biopolymer. Therefore, the movement of the fibers can be constrained by their own organization. Accordingly, there must be a framework that unifies chromatin dynamics and their organization. As mentioned above, under a normal diffusion process, the Stokes-Einstein equation provides such a bridge for determining a physical parameter such as viscosity of the environment or the hydrodynamic radius of the molecules from the measured diffusion coefficient . In a similar manner, mathematical modeling of chromatin dynamics should enable extraction of physical information related to chromatin organization from the dynamics.
Mathematical model of single nucleosomes with fractal chromatin domains
In our previous work (24) to explain the subdiffusive movement of single nucleosomes, we took into account the following two assumptions: (i) each tracked single nucleosome belongs to a submegabase-sized chromatin domain in the living cell; and (ii) the effective conformational state of the chromatin domain formed by a nucleosome fiber can be characterized by using the fractal dimension f (Fig. 2 ). The nucleosome fiber was mathematically modeled as a chain of monomers corresponding to nucleosomes, and the size of the chromatin domain is represented by .
According to the scaling law of polymers, ∝ 1/ f , polymer conformations in 3D space are characterized by the fractal dimensions 1 ≤ f ≤ 3 (28) (Fig. 2) . For example, f = 1 and 3 correspond to a straight line and the most compact state, respectively. In case where each monomer-monomer interaction is repulsive and polymer crossing is prohibited (excluded volume effect), the polymer tends to form an extended state with f ≅ 5/3. A polymer with f = 2, which is known as the ideal chain, corresponds to a random-walk conformation (Fig. 2) . Although, in general, nucleosome-nucleosome interactions within a chromatin domain are thought to show complex interactions with both repulsive and attractive forces, use of the fractal dimension enables us to mathematically express the conformational state of chromatin domains without needing to identify and describe the complicated interactions.
Although every assumption should be verified explicitly in the future, it is nevertheless possible to mathematically describe nucleosome dynamics by adopting these assumptions (i and ii). The dynamics of each nucleosome are described by the force balance equation friction = fractal + thermal , representing the friction force, the force required to keep a fractal domain structure formed by a nucleosome fiber, and the thermal driving force, respectively. Based on the above setting, we analytically derived the MSD in terms of polymer dynamics (24) . As expected, the MSD obeys subdiffusion with the coefficient and the exponent
where 0 < ≤ 1 is the variable related to the viscoelastic nucleus environment; we assume here that is a constant value. These relations mean that the coefficient sub and the exponent of the subdiffusive movement mutually connect to the structural parameters of the chromatin domains and f . That is, when the size is small, the coefficient sub also becomes small, and thus the MSD becomes small. From another perspective, when the fractal dimension f increases, the 9 exponent decreases, and the MSD becomes small. Therefore, smaller and more compact chromatin domains will have smaller MSD values ( Fig. 1 ).
Subdiffusive single-nucleosome movement in living cells
We next applied our model to living human cells. To achieve single-particle imaging of nucleosomes in living cells, we combined an oblique illumination microscopy and labeling of histone H2B with a photoactivatable (PA)-red fluorescent protein (mCherry) (21-24, 29, 30) ( Fig.   3A -C). The oblique illumination microscopy can illuminate a limited area in the nucleus with very low background noise (Fig. 3A) . When we looked at the HeLa cells stably expressing H2B-PA-mCherry with the microscopy, we found that a relatively small number of H2B-PA-mCherry molecules were spontaneously and stochastically activated without an ultraviolet laser stimulation and observed as clear dots, which are suitable for the imaging (Fig. 3B) . The single-step photobleaching profile of these H2B-PA-mCherry dots confirmed that each dot represents the fluorescence derived from a single nucleosome. Then, continuously fluorescent dots were tracked for a few seconds (50 ms per time frame), and Fig. 3C shows representative trajectories of the dynamic nucleosome movement in single cells. The movement in living cells was shown to exhibit random fluctuation within the range of a few hundred nanometers in a few seconds, and such restricted Brownian-like motion is thought to be caused by thermal noise (21) (22) (23) . By changing the focal plane of the microscope, we could observe such single-nucleosome dynamics not only in the 10 nuclear interior but also at the nuclear periphery (24) . The MSD of the movement at each region clearly showed subdiffusion (Fig. 3D ). In addition, the nucleosome movement was observed to be more mobile in the interior than at the periphery with a larger coefficient sub and a larger exponent of subdiffusion.
Conversion of the mobility information of nucleosomes into structural information of chromatin domains
In Fig. 3D , the fitted curves to the MSDs at the different focal planes show the following relations sub,interior > sub,periphery and interior > periphery .
These can in turn be interpreted through our analytical result (Eq. (2)) as the structural relations interior > periphery and f,interior < f,periphery .
These relations are consistent with the notion that (6, 31-33) the larger and more extended chromatin domains tend to occupy the nuclear interior, whereas the smaller and more compact chromatin domains, which correspond to the heterochromatin regions, are enriched close to the nuclear periphery. Thus, we can mathematically conclude that nucleosomes in heterochromatin-rich regions show less movement, which results from the restriction of the smaller and more compact chromatin domains; although nucleosome movement will be reduced at the nuclear periphery where the heterochromatin is bound to the nuclear lamina.
More detailed quantitative estimation of these relations was carried out in ref. 24 , which showed that the average size of submegabase-sized chromatin domains in living cells is in the range of 100-500 nm, and the nucleosome movement within a chromatin domain reaches thermal equilibrium in a few seconds at most. Our results suggest that dynamic nucleosome-nucleosome interactions within chromatin domains work well at a spatiotemporal scale of a few hundred nanometers and a few seconds. Thus, in terms of physics, such a chromatin domain is an efficient unit to appropriately process various genome functions in the thermal noisy environment of the cell.
Summary and perspective
To unify chromatin dynamics and organization, we have proposed a mathematical model of a fractal chromatin domain formed by a nucleosome fiber, which was applied to the subdiffusive nucleosome movement in living cells, as measured by SPT. Through analyzing the model, we have shown that the coefficient sub and the exponent of the subdiffusive MSD depend on the structural information of chromatin domains such as the size and the fractal dimension f . As the normal diffusion theory converts the measured diffusion coefficient into other physical parameters, these relations (Eq. (2)) can be used to provide physical insight into the subdiffusive MSD. Thus, comparison of the MSDs of nucleosome movement at different nuclear regions enables us translating the mobility information of nucleosomes into the structural information of chromatin domains:
chromatin domains in the heterochromatin-rich nuclear periphery region are smaller and more 12 compact than those in the euchromatin-rich interior region. Through more quantitative estimations, we suggest that a submegabase-sized chromatin domain of the mammalian genome is a reasonable unit to carry out various genome functions from a physics perspective.
Novel advances in specific labeling techniques, which can deal with nucleosome movement and the chromatin organization of certain specific genomic loci, will further help to uncover chromatin dynamics and their organization relating to epigenetic states and genome functions. Furthermore, based on our present model, the long-term tracking of single-nucleosome movements will allow us to ultimately unveil the larger-scale and dynamic organization of chromosomes.
Figure 1.
Normal diffusion (blue) of a particle driven by thermal noise characterized by the MSD, which is proportional to both the diffusion coefficient and time . Meanwhile, the diffusive movement of a monomer within a polymer globule represents the subdiffusion MSD( ) = sub due to the structural restriction of the globule. A larger globule results in higher mobility of a monomer (orange, upper). As is shown in Eq. (2), as a polymer globule becomes smaller and more compact, the MSD also becomes smaller (green, lower).
Figure 2.
Fractal dimensions for polymers to characterize the effective conformational states. For example, f = 1 and 3 correspond to a straight line and the most compact state, respectively. The polymer with the excluded volume effect forms an extended state with f ≅ 5/3. For f = 2, the ideal chain is a polymer corresponding to a random-walk conformation. Plots of the MSD at the interior (orange) and periphery (green) regions. Each plot fits well with the MSD curve for subdiffusion (Eq. (1)).
